Leaf-nodulated plants are colonized by vertically inherited bacterial endosymbionts, which maintain symbioses throughout host generations. The permanent character of the interaction implies phylogenetic congruence between the host and the endosymbiont. However, the present population genetic study of Psychotria leptophylla provides evidence for a mixed symbiont transmission involving both vertical inheritance and horizontal transfers from the environment.
B
acterial endophytes of leaf-nodulated plants are accommodated in specialized leaf nodule structures, and it is generally accepted that the bacteria are vertically transmitted to seeds (14, 16) . To ensure passage of the symbiont from the host to the progenitors, a bacterial colony is maintained within the shoot tip, operating as an inoculum for infection of new developing reproductive structures and embryos (16) . Generally, the establishment of vertical symbiont transmission has been suggested as a general key mechanism toward the evolution of a mutualistic relationship (5, 6) . Consequently, heritable symbionts have been commonly found in many lineages that are involved in a wide variety of beneficial effects conferred on their host (1, 17, 18) . The exact benefit of leaf-nodulated endosymbionts for the host still needs to be addressed. Most studies, however, have proposed that the endophytes are involved in phytohormone production, since they are essential for normal host development (16) . All attempts to cultivate the bacterial partner failed, suggesting that the endosymbionts are absolutely dependent on the host for growth and survival (9, 16, 24) . Recent studies using culture-independent PCR methods revealed the identity of the endophytes of all leaf-nodulated plants as Burkholderia (10) (11) (12) 24) . More interestingly, it was also demonstrated that high host specificity occurs as a result of vertical symbiont transfer and that frequent host switches are observed, rejecting a long-term cospeciation (13) . These results suggest a diffuse bacterium-plant interaction as an ancestral state of bacterial leaf symbiosis, followed by an evolution toward a more specific one-to-one interaction, where the bacterial associate became an obligate and vertically inherited endosymbiont of the host. The presumed transition from a free-living state to an obligate and heritable lifestyle of the bacterial partner will be investigated by analyzing the cospeciation pattern of the host and symbiont at a lower taxonomic level. In the present article, we focus on different populations of Psychotria leptophylla to provide novel and valuable information about the host specificity of the interaction at an intraspecific level and the transmission mode of the endosymbionts.
This study includes eight populations (A to H) of Psychotria leptophylla sampled at four localities in Cameroon: the Southwest, Littoral, Center, and South provinces. For all populations, we sampled two individuals at different localities with the exception of population G ( Fig. 1 ; see also Table S1 in the supplemental material). Psychotria brachyanthoides, P. camerunensis, and P. darwiniana were used as an outgroup. All plant species with voucher and GenBank accession numbers are listed in Table S1 . DNA extraction, PCR amplification, and sequencing follow the method of Lemaire et al. (13) . Primer and temperature profiles are listed in Table S2 . Purified PCR products were sent to Macrogen for sequencing (Macrogen Inc., Seoul, South Korea). Sequences were edited, assembled, and aligned in Geneious Pro v.5.1.7 (3), and phylogenetic analyses were done with maximum-likelihood (ML) and Bayesian inference (BI) methods. Data partitions were analyzed separately and combined. The congruency between DNA markers was tested with the parsimony-based incongruence length difference test (ILD test) (4) as implemented in the software program PAUP* v.4b10 (23) . ML and BI analyses were conducted as described in previous studies (12, 13) . For the BI analyses, the software program MrModeltest v.3.06 (20) selected an HKYϩI model for the gltB, recA, and external transcribed sequence (ETS) data sets, a GTRϩI model for the gyrB, lepA, and internal transcribed spacer (ITS) data sets, and a GTRϩG model for the trpB data set. The cospeciation analyses between host and endosymbiont lineages were investigated with the software program TreeMap v.3.0␤ (2) as described previously (12), and the reconciliation analysis was performed under the default setting of event cost (codivergence ϭ 0; duplication ϭ host switch ϭ 1). The significance of observed event types were estimated using a randomization test of 1,000 randomly generated trees. Quantitative PCR (qPCR) was conducted in a StepOne Plus apparatus (Applied Biosystems, Foster City, CA) using Fast SYBR green master mix (Applied Biosystems, Foster City, CA). The qPCR primers (see Table S2 ) were designed based on an alignment of gyrB clonal sequences of Psychotria kirkii var. hirtella and related Psychotria species generated from the study of Lemaire et al. (12) . Primer specificity and quality were checked in silico using the software program Primer Express v.3.0 (Applied Biosystems). The reliability, specificity, and evaluation of the negative controls were done by melt curve analyses in the software program StepOne v.2.1 (Applied Biosystems). The relative abundance of the bacterial gyrB gene was measured in the vegetative (leaves and shoot tips) and reproductive (flowers and seeds) parts from Psychotria kirkii var. hirtella (plant accession no. BR 2000103624; National Botanic Garden of Belgium Living Plant Collections Database), which were sampled from fresh material and frozen in liquid nitrogen. Negative controls of corresponding vegetative and reproductive material were obtained from endosymbiont-free Psychotria carthagenensis (plant accession no. BR 19842833). The actin gene of the host plant was used for normalizing gyrB expression.
Leaf-nodulated plants are known to maintain the symbiont through all stages of the host's life cycle. This balanced association results in a complex developmental adaptation, which is morphologically well documented (14, 16) . However, much work is still required to elucidate the mechanism of symbiont transmission in the seed-borne stage of the host plant; in leaf-nodulated Psychotria species, the exact position where the endosymbionts reside in the seeds remains unknown (16) . To verify the hypothesis that the symbionts are present in the entire life cycle of the host plants, we examined their presence in all vegetative and reproductive stages of Psychotria kirkii var. hirtella with qPCR. The relative abundance of Burkholderia gyrB DNA is high in the leaves, shoot tips, and flower but low in the seeds (Table 1 ). This result supports findings of previous morphological studies and the hypothesis that the symbionts are vertically transmitted. In Psychotria leptophylla, the presence of endosymbionts in every plant part is also expected because different populations of either P. kirkii or P. leptophylla are characterized by a host-specific endosymbiont (13) . More important, the small amount of bacterial DNA within the seeds might explain why it remains so difficult to observe endosymbionts within the seed stage of the plant life cycle (16) .
In general, heritable and mutualistic endosymbionts are often found to exhibit cocladogenesis with their hosts (15, 27) . A previous study (13) , however, rejected a history of strict cospeciation in leaf-nodulated Psychotria species and suggested a recent shift toward a host-specific association and ongoing cospeciation. To test this hypothesis, we analyzed a five-gene endosymbiont and twogene host data set, including 15 and 8 lineages and populations of Psychotria leptophylla, respectively. The observation of topologically similar gene trees and the absence of statistical incongruencies between the different data sets (for host DNA markers, the ILD test indicated congruent ITS and ETS data sets [P ϭ 1.0]; Table 2 shows results for endosymbiont DNA markers) allowed for data combination. The combined phylogenetic analyses (Fig.  2) show that all Psychotria leptophylla populations harbored their own specific Burkholderia lineage, indicating vertical transmission of the endosymbionts. However, we found one population sampled on Mount Etinde (population F; Fig. 1 ) with different endosymbiont lineages, suggesting a horizontally acquired symbiont. Further cogent evidence for horizontal transfer was demonstrated by comparing the host and endosymbiont phylogeny; phylogenetic incongruencies were detected between the populations A, B, C, D, and F. A strict cospeciation pattern between the host and the endosymbiont was observed only for populations A, G, and H (Fig. 2) . The topological differences observed between hosts and their endosymbionts were statistically confirmed by the cospeciation analysis in TreeMap v.3.0␤. The reconciliation analysis introduced 16 cospeciation events, 12 duplications, and 6 host switches (total event cost of 18) (P Ͻ 0.001).
Several potential mechanisms might explain the observation of topological incongruencies between the host and the endosymbiont as a result of horizontally acquired symbionts. Horizontal symbiont transmission between populations of Psychotria leptophylla might occur via pollinators, acting as vectors of endosymbionts. During pollination, the developing pollen tube could deposit an "immigrant endosymbiont" into the ovule of a new host plant, thereby replacing the indigenous endosymbiont. However, this hypothesis may not explain symbiont/pollen transfer over long distances, as observed in this study (Fig. 2 ). An alternative hypothesis to explain horizontal transmission reflected by phylogenetic incongruencies is an intraspecific gene flow followed by repeated backcrossing, resulting in chloroplast introgression (21) . Chloroplast introgression has been considered to be a major cause of differential transfer of cytoplasmic and nuclear genetic elements. In this case, the discrepancy between the two data sets (i.e., biparental inherited nuclear DNA of the host and maternal inherited DNA from the endosymbionts) might be the result of a constant pollen transfer from the indigenous population to an invaded population, which originated with a seed dispersal event.
Our current results may be explained by this introgression hypothesis but fail to support previously observed intergenic symbiont transmission by hybridization of species from different leafnodulated Psychotria, Pavetta, and Sericanthe genera (13) . Finally, external infections by soil bacteria provide the best scenario to explain the horizontal symbiont transmissions at intraspecific, interspecific, and intergenic taxonomic levels. Direct evidence for this hypothesis is the close relationship between some soil Burkholderia species and leaf-nodulated Burkholderia species (8, 13) . Under this hypothesis, symbiont replacement by soil bacteria may occur when the host plant fails to transfer its original bacteria through the seeds. Indeed, a low number of endosymbionts was measured in the seeds (see above), which might occasionally be insufficient as a threshold for a vital endosymbiont colony. An ineffective symbiont inoculation of the seed during floral development results in bacterium-free dwarf plants, known as cripples, which occur naturally in a portion of every batch of seeds (16) . In this study, natural crippled plants were obtained by germinating hundreds of seeds of Psychotria kirkii. Bacterium-free seedlings develop normally until the fourth pair of leaves, but then growth and differentiation cease and shoot tips degenerate to callus (Fig.  3 ). This static condition will persist for several years, after which seedlings will eventually perish (7, 25) . Given the uncertain survival of crippled hosts, external reinfection by beneficial soil bacteria is required to restore normal growth and development. The observation of external reinfection of soil Burkholderia implies that the endosymbionts also occur freely in the soil and are not strictly obligate or dependent on their host. Consequently, the strict obligatory status of the endosymbionts needs to be revised.
